We describe a crystal structure, at atomic resolution (1.1 Å, 100 K), of a ruthenium polypyridyl complex bound to duplex DNA, in which one ligand acts as a wedge in the minor groove, resulting in the 51°kinking of the double helix. The complex cation Λ-½Ruð1,4,5,8-tetraazaphenanthreneÞ 2 ðdipyridophenazineÞ 2þ crystallizes in a 1∶1 ratio with the oligonucleotide d(TCGGCGCCGA) in the presence of barium ions. Each complex binds to one duplex by intercalation of the dipyridophenazine ligand and also by semiintercalation of one of the orthogonal tetraazaphenanthrene ligands into a second symmetrically equivalent duplex. The result is noncovalent cross-linking and marked kinking of DNA.
We describe a crystal structure, at atomic resolution (1.1 Å, 100 K), of a ruthenium polypyridyl complex bound to duplex DNA, in which one ligand acts as a wedge in the minor groove, resulting in the 51°kinking of the double helix. The complex cation Λ-½Ruð1,4,5,8-tetraazaphenanthreneÞ 2 ðdipyridophenazineÞ 2þ crystallizes in a 1∶1 ratio with the oligonucleotide d(TCGGCGCCGA) in the presence of barium ions. Each complex binds to one duplex by intercalation of the dipyridophenazine ligand and also by semiintercalation of one of the orthogonal tetraazaphenanthrene ligands into a second symmetrically equivalent duplex. The result is noncovalent cross-linking and marked kinking of DNA.
DNA oligonucleotide | ruthenium complex | X-ray crystal structure T ranscription, the first step leading to gene expression, is dependent on protein-induced distortions in DNA structure (1) to enhance its activation and rate. Protein molecules are known to bind sequence-specifically to DNA and can cause local bending or kinking (2) . A DNA kink occurs when stacked base pairs become unstacked and allow the now strained DNA to make a sharp turn. It is a phenomenon almost exclusively observed with protein-DNA interactions (3, 4) , with kinking caused by covalent binding of platinum drugs to adjacent guanine N7 positions in the major groove being a rare example of this effect caused by small molecules (5) . Kinking by semiintercalation of a small molecule has been long suspected but has thus far proved difficult to demonstrate (6) . In this article, we report the induction of a substantial kink in duplex DNA by a simple ruthenium polypyridyl complex.
The interactions between ruthenium polypyridyl complexes and nucleic acids have been studied for over 25 y (7, 8) because of the ability of these metallocompounds to recognize the handedness of DNA, their luminescent "light-switch" properties, and their photosensitization of reactions causing damage to DNA (9) (10) (11) (12) . Surprisingly, there are no examples to date of a full structural study of any ruthenium polypyridyl complexes with nucleic acids, even though the binding of ½RuðphenÞ 3 2þ (phen, 1,10-phenanthroline) to DNA has been well studied via spectroscopic and hydrodynamic methods (7, 8, 13, 14) , leading to the concept of binding via semiintercalation into the double helix (6) . Although the enantiomers of this complex bind to DNA with modest binding constants, a much stronger interaction has been observed for ½RuðphenÞ 2 ðdppzÞ 2þ (dppz, dipyridophenazine), which has attracted much attention because of its "light-switching" behavior when binding to duplex DNA. This enhanced binding was proposed to be due to intercalation of the dppz ligand between the base pairs of the DNA duplex, although in the absence of crystallographic data, there was initially considerable debate as to the precise nature of the binding site (9, 10, (15) (16) (17) (18) (19) (20) .
One of the motivations for our present study is the ability of ruthenium-dppz complexes to target photooxidation of nucleic acids (12, 21, 22) , perhaps eventually within the living cell. It is very well established that incorporating electron-deficient ligands, such as 1,4,5,8-tetraazaphenanthrene (TAP), into octahedral ruthenium complexes results in excited states that are sufficiently oxidizing to cause direct oxidation of a guanine moiety and subsequent covalent adduct formation with nucleic acids (23) . The ½RuðTAPÞ 2 ðdppzÞ 2þ complex is nearly isostructural with the much studied ½RuðphenÞ 2 ðdppzÞ 2þ , which has been shown to bind strongly to a wide range of double-stranded DNA sequences. In contrast to its phenanthroline analogue, the excited state of ½RuðTAPÞ 2 ðdppzÞ 2þ is quenched in the presence of guanine, and picosecond transient absorption experiments suggest that oxidation of guanine may proceed by proton-coupled electron transfer (21) .
Recently, we reported the separation of dppz complexes on Sephadex ion-exchange columns (24) and have now used this technique to isolate the Λ and Δ enantiomers of ½RuðTAPÞ 2 ðdppzÞ 2þ . In the present paper, we report the binding of the Λ-enantiomer 1 (Fig. 1C) to the self-complementary decamer d(TCGGCGCCGA). This sequence was chosen for its ability to form both double-stranded B-DNA and Holliday junctions (25) (26) (27) . Given recent literature reports demonstrating the ability of ruthenium polypyridyl complexes to bind to secondary structures of nucleic acids other than duplexes, such as quadruplex DNA and i-motif conformations (28) , bulges and loops, etc. (29), we were intrigued to see how ½RuðTAPÞ 2 ðdppzÞ 2þ would bind to this oligonucleotide.
Results
Barium Binding to the Holliday Junction Forming Sequence d(TCGGCGCCGA). As part of an ongoing study of Holliday junction structure in the presence of metal ions, we determined the structure of this sequence in the presence of barium ions as the sole divalent cation (SI Text, Structure Determination for d(TCGGCGCCGA) 4 with Barium Ions). Crystals of dðTCGGCGCCGAÞ 4 were obtained in the presence of 20 mM barium ions. Five barium sites are found in the asymmetric unit of two DNA strands, all with occupancies between 0.3 and 0.4 (Fig. 1A) . There is no direct coordination of barium ion to any DNA base. Our structural analysis revealed a symmetrical duplex containing a twofold axis running through the midpoint. In each halfduplex, two different binding modes of 1 can be seen ( Fig. 2 A and D). The dppz ligand of 1 is intercalated at the terminal G9-A10 step, whereas one TAP ligand (TAP1) is semiintercalated (wedged) at the G3-G4 step (Fig. 3) . Each half-duplex also contains a barium ion, bound to G3 and G4 in the major groove (Fig. 3A) , and 87 water molecules. The resulting overall arrangement is shown in Fig. 3A , which illustrates the way in which four symmetry-equivalent decamer strands provide the complete environment for a single chiral ruthenium complex. See the stereo pair Fig. S3 for a representation including the bound water. The stoichiometry of the interaction is 1∶1, thus four symmetryequivalent ruthenium complexes, conversely, interact with a single DNA strand. The A10 terminal residue is flipped out (Fig. 2B) , forming a reverse Watson-Crick base pair with T1 of another symmetry-equivalent duplex (Fig. 3A) , giving the pairing shown in Fig. 4B , with the six-membered ring of adenine stacked with the dppz pyrazine ring. Most strikingly, the intercalation geometry of 1 results in distinct roles for the two chemically identical TAP ligands (distinguished as TAP1 and TAP2). Fig. 3 shows these differences, which also result in the enantiomeric specificity. Semiintercalative Binding Mode of the TAP Ligand. The TAP1 ligand semiintercalates from the minor groove at the G3-G4 step, interacting solely with the guanine component of the base pair but not the complementary C7-C8. TAP2 lies between the minor grooves of two duplexes and remains inert in terms of the supramolecular structure. The semiintercalation of TAP1 into the G3-G4 step, together with the flipping out creating the T1-A10 base pair generates the observed linking of symmetry-equivalent duplexes. TAP1 makes a series of close contacts with the six-membered purine rings of G3 and G4, generating an overall roll angle of 51°, similar to that of 52°in the catabolite activator protein-DNA complex (30) . Inspection of the planes shows that the alignment here is not symmetrical, the G3-TAP1 plane angle being 37.5°, with the G4-TAP1 plane angle much smaller at 18.9° (  Fig. 3C) . The net effect of this asymmetry is that there is stronger stacking between residue G4 and TAP1. Additionally, semiintercalation creates a binding site for a barium ion quite unlike that seen in the absence of 1, with direct coordination to the N7 positions of G3 and O6 and N7 of G4 (Fig. 5A) .
Intercalation of the Dppz Ligand. As expected from spectroscopic and hydrodynamic data (9, 10, (15) (16) (17) (18) (19) (20) , the dppz ligand intercalates into the DNA duplex. As with the TAP semiintercalation, intercalation of the dppz ligand occurs from the minor groove. However, it does so in a "nonclassical" way because of the terminal T1-A10 pairing. The T1-A10 base pair has reverse Watson-Crick geometry with two full hydrogen bonds. The long axis of the dppz ligand is oriented at an angle of approximately 55°to the G9-C2 hydrogen bonds and at approximately 70°to the A10-T1 hydrogen bonds. (Fig. 4) . The principal stacking interaction is between the pyrazine ring of the dppz ligand and the six-membered purine rings of G9 and A10, so that the ruthenium atom is approximately 6.5 Å distant from the helical axis of the duplex. The dppz ligand does not directly contact any of the surrounding water molecules.
Derived Parameters and Conformational Analysis. A full analysis of torsion angle conformations has been conducted (31, 32) and shows that the duplex adopts a rather unusual conformation (Dataset S1). For the present purpose, a simpler analysis may be helpful for comparison, using the assignment of the sugar pucker (i.e., approximately C3′-endo and C2′-endo) to describe each residue in the five unique base pairs as "A" or "B" type. We observe, using this criterion, that each base pair in our sequence is composed of an A/B hybrid, and that the intercalation and semiintercalation steps are distinct in this respect (Table S1 ). The intercalation step can be written as 5′-AA-3′/3′-BB-5′, whereas the semiintercalation step can be written as 5′-AB-3′/3′-BA-5′. Examining the base pair and base pair step parameters in Table S2 , the final T1-A10 base pair appears anomalous because of the flipped-out adenine and consequent reverse Watson-Crick base pairing, as shown by the opening angle of −170.9°. Otherwise, this base pair displays a rather neat matching around the intercalation cavity with the C2-G9 base pair, both showing buckling by 11-12°and propeller twisting of 7-8°. Thus, although it is nonclassical intercalation, these parameters highlight the balance in the stacking at this purine-purine interaction, with the pyrazine ring of the dppz group and illustrated by Fig. 4 . In contrast, the TAP1 ligand causes the large positive roll angle of 50.8°at the semiintercalation (kink) step G3-G4/C8-C7, which is complemented by the low twist angle of 15.1°at this step. The adjacent The purine ring of A10 is again stacked onto the pyrazine ring of the dppz. Bases are color coded as in Fig. 1 , and the ruthenium ligands as in Fig. 3 , but using a paler shade of pink for the dppz ligand for clarity. G4-C5/C7-G6 step has a more typical small roll of −3°, but a larger twist of 38.7°. The TAP1 ligand interacting with the base pair G3-C8 gives the large positive buckle of 23.6°, whereas the other side of the semiintercalation step has the negative buckle of −9.4°, showing the greater asymmetry at this second purinepurine step.
Sequence Preference. Another observation, arising from the binding of the dppz and TAP1 ligands, is the importance of adjacent purines in the oligonucleotide sequence. Writing the oligonucleotide sequence as py1-py2-pu3-pu4-py5-pu6-py7-py8-pu9-pu10 highlights the binding sites and shows that interaction of the complex with the duplex only occurs at these sites. The central C5-G6 step of the duplex, about the twofold rotation axis, forms no direct interaction with the bound 1.
Water Structure and Barium Coordination. The major groove, although being highly compressed by the duplex kinking, contains nearly all the ordered water located in the analysis. Eighty-seven fully occupied water sites are observed per decamer single strand. The packing diagram shows a water channel running in the c axial direction right through the crystal lattice, surrounded by most of this ordered water (Fig. S1 ), which also includes the ninecoordinate barium ion. Six of the nine coordination positions are made up by this ordered water, the remaining being the direct coordination to G3 (N7) and G4 (O6 and N7), at distances of 2.852 (7), 2.954 (9), and 3.037(12) Å, respectively (Table S2 ). The high degree of ordering is possibly a consequence of the ordering created by the group II metal cation, as previously observed in our studies of water ordering in the Holliday junction cavity (26, 27) .
Noncovalent Cross-Linking Interactions. Another feature to arise from the binding of complex 1 to this oligonucleotide is the noncovalent cross-linking that occurs between the symmetryequivalent DNA duplexes, which arises from several different interactions. As well as the semiintercalated TAP ligands, each duplex contains two AT base pairs (with reverse Watson-Crick geometry). In these base pairs, adenine A10 originates from another duplex, whereas the second adenine from the original duplex is donated to a third duplex, generating an infinite curved ladder in the c axial direction, arranged around the crystallographic 4 3 screw axis, which relates the duplexes.
Discussion
The work reported here allows a clear view of the binding of a polypyridyl ruthenium complex bound to an oligonucleotide. It remains to be seen whether the binding modes observed will be found with other ruthenium complexes and other DNA sequences. It is encouraging that, as outlined above, a range of biophysical data supports the semiintercalative binding mode with other ruthenium complexes, which is also a possible interpretation of NMR data on the binding of ½RuðphenÞ 3 2þ enantiomers to dðGTGCACÞ 2 (33) . For the purpose of structural comparison, there are three groups of crystallographic investigations that we consider particularly relevant. These deal with (i) noncovalent binding by chiral rhodium complexes, (ii) covalent platination of DNA, and (iii) a helicate of iron(II).
Barton and coworkers have reported detailed X-ray analyses of two rhodium compounds bound to dodecamer duplexes (34, 35) . The intercalation geometry we observe is, however, quite different from that observed for Δ-½RhðbpyÞ 2 ðchrysiÞ 2þ (34), which showed intercalation into an AT/TA step from the major groove side, and also different to Δ-½RhðMe 2 trienÞphi 2þ (35) , which intercalates into the major groove at the GC/CG step. Thus these rhodium complexes have both a different groove and different sequence preference from that in our study, which may be related to the Δ chirality of the compounds, although is it also to be expected that the nature of the organic ligand will be crucial in determining the sequence specificity of these inherently chiral cations.
The creation of a DNA kink by the semiintercalating TAP ligand forms an interesting comparison to the effect of DNA platination, for example, by the well-known antitumor agents cis-platin (5, 36) and oxaliplatin (37) , which bind by direct coordination of the platinum to adjacent guanines. It is this kink that confers their cytotoxic properties, because architectural proteins such as high-mobility group B1 and B2 can bind to such distorted DNA, preventing the action of repair enzymes, inhibiting transcription, resulting in cell apoptosis (36, 38) . A comparison of the structure of the DNA-bound ½RuðTAPÞ 2 ðdppzÞ 2þ complex with that of cis-platin adducted to an oligonucleotide in the presence of protein is instructive (Fig. 5) because there are marked similarities in the overall curvature and alignment of the semiintercalated aromatic ring. In the absence of any protein, the platinated DNA [e.g., the hybrid dodecamer 5′(CCTCTG*G* TCTCC/ GGAGACCAGAGG), where *G* is the platination site] shows A-DNA character duplex on the 5′ side of the cis-platin binding site and B-DNA on the 3′ side. Interestingly, later NMR solution studies showed that, in solution, the platinated duplex is in the B form, but with a much larger kink at the platination site, probably illustrating the effect of crystal packing forces in the earlier study. In the structure of the closely related oxaliplatin bound to DNA, the platinum binding caused DNA kinking of 30°. Importantly, in that same structure, a barium ion, which is bound to two guanine residues in the major groove, caused no kinking (37) , confirming that barium alone should not create a semiintercalation site.
Oleksi et al. (39) have reported the crystallization of a threeway DNA junction around a dinuclear iron(II) supramolecular helicate. Each of the three DNA strands are kinked in the center by some 60°between adjacent Tand A bases, with which the polypyridyl ligands of the complex make stacking interactions, thus opening up a cavity in which to accommodate the tetracationic helicate.
It is interesting to speculate about whether complex 1 will bind to natural DNA by both dppz intercalation and TAP semiintercalation. Previous measurements carried out in solution with racemic ½RuðTAPÞ 2 ðdppzÞ 2þ (40) were consistent with intercalation of the dppz being the principal mode of binding with both natural DNA and with double-stranded polynucleotides. Spectroscopic studies in progress with the resolved compounds and natural double-stranded DNA indicate that there are significant differences in the binding affinity of the enantiomers. Whether this difference is due to TAP semiintercalation, in addition to dppz intercalation, for the Λ-enantiomer will require more detailed hydrodynamic and related experiments. It may also be noted that it has recently been shown that some Ru-phen compounds can penetrate into the cell nucleus, where the high concentration of DNA may favor this interaction (41) . This behavior, and the pronounced kinking induced here by the metal complex, suggests that such complexes might be very effective in modulating the transcription process. This discovery suggests significant potential for these small molecules in photodynamic therapy.
Materials and Methods
Synthesis of Λ-½RuðTAPÞ 2 ðdppzÞ 2þ . Rac-½RuðTAPÞ 2 ðdppzÞCl 2 was prepared by a modification of the literature method (40) . The two enantiomers were successfully resolved by introducing an aqueous solution of rac-½RuðTAPÞ 2 ðdppzÞCl 2 onto a Sephadex C-25 column with 0.1 M (-)-O, O′-dibenzoyl-L-tartrate as the eluent at 2 mL∕ min flow rate recycled by a peristaltic pump (23) . The resulting fractions (the Λ enantiomer elutes first) were collected separately, precipitated as PF − 6 salts and characterized using CD spectroscopy (Fig. S4) , by comparison with previous reported spectra (42) . Both enantiomers were passed through a second Sephadex C-25 column with aqueous NaCl as the eluent to ensure purity and to exchange the counterion.
Crystallization, Data Collection, Structure Solution, and Refinement. Crystals containing the complex Λ-½RuðTAPÞ 2 ðdppzÞCl 2 (1) were grown by vapor diffusion from sitting drops at 276 K. Reddish-yellow rhombohedral crystals appeared after a few days. A crystal of approximate dimensions 0.2 × 0.2 × 0.2 mm was mounted in a 0.2-mm loop. Data were collected on beam line I02 at Diamond Light Source, Ltd. Data were processed with MOSFLM (43) and SCALA (44) , giving 15,135 unique reflections. Subsequent anisotropic refinement was performed using REFMAC5 (45), version 5.5, against all data. Manual model editing was done using Coot (46) . Five percent of reflections were used for the R free test. The model gave a final R cryst of 0.10 and R free of 0.12. The quality of the maps obtained after refinement is shown in Fig. S2 , drawn with PyMol (47) . Final coordinates and data are deposited as Protein Data Bank ID 3QRN. For refinement statistics, full experimental details, including the initial phasing with SHELXC/D/E (48), and model building carried out in-house, using programs from the CCP4 suite (49) 
